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By Charles C. Graves 

Burning rates were determined far single ieooctane drops supended 
In various  quiescent oxygen-nitrogen akospheres at  r o m  temgerature 
and pressure. The burniag ratee were conqpared with thoee predicted  by 
a previously developed theory based on a heat- and mass-transfer mech- 
anim and with values preaicted by a modLfication to this theory. The 
dmp-burning-rate data were applled to equation8 focr a  burning fuel 
epray in order t o  calculate the predicted change in burning rate of a 
fuel spray with variation in oxygen concentration. The results 80 

obtalned were campred with the change In conibuetlon efficiency of a 
single turbojet conibuetor with inlet  oxygen concentration, ea determined 
i n  a previous investigation. 
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The drop burning rates were proportional t o  drop diameter and 

increased approximstely 34 percent when oxygen concentration of the s u r -  
mllnaFng oxygen-nitrogen a-hosphere was raised fram 17.0 t o  34.9 percent - by volume. The exprlmentally determined burning rates agreed w e l l  wlth 
thoee predicted by the rmdified heat- and msss-transfer themy. The 
predicted change in conibustion efficiency with fnlet oxygen concentra- 
t ion was appreciebly emaller than that observed in the cmhuetor teets. 

Operational experience with turbojet and ram-jet engines has e h m  
that ccmibustion ef'ficiency is advereely affected by increase in flight 
altitude. The estabUshment of design cr i ter ia  t o  m o v e  cmibuetion 
efficiency  at altitude is one of the most Imlport&nt problems confronting 
the c&ustion-&anher desQner. One phase of conibuetion research being 
conducted at the W A  Larls labmatory I 8  concerned with the relative 
ing?ortasce of such ccmponent processes ae fuelrapray vaporleation, mix- 
ing, igpition, and reaction in  the determination of cmibustion effi- 
ciency. ~n a recent  investigation  (ref. 1) , an attemgt waa n~aae t o  
relate the changes in ccmibuation efficiency of a 533 single cmibustor, 
operathg with U u l d  isooctane, to .a  particular ccqponent process. 

tration on conkustion efficiency were determined for the condltiona of 

c 

I The effects of fuel-flow rate, inlet pressure, and inlet  oxygen concen- 
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constant temgerature and weight flck rate of the inlet oxygen-nitrogen 
mixture. A t  R given fuel-flar rate, the cd lned   e f f ec t s  -et 
pressure and inlet oxygen cancentration on carnibustion efficiency Yere 
cmela ted  in terms of (a) selected fundamental conbustian properties 
of isooctane and (b) a slnplified  reaction-kinetics equation. The 
results indicated  that changee associated wlth the kinetics of the gas 
phase might -lain the observed trends. 

The correlations obtalned in reference 1 were based an the assump- 
t ion  that the fraction of cardbuatm  volume required  for the fuel-sprBy 
evaporation and mixlng steps was either constant wlth variation in   in le t  
conditione QP negligibly amall. . In reference 2, an attp-mnt W&E md.e to 
de- the w e  of the fuel-spray evaporation step on the  cor- 
relatione af reference 1. Similar data were obtained with the same 
c&ustor (but with a different fuel-injection  SySk); the fuel-spray 
evaporation step was eUmlnated by the use of a eseous fuel, propane- 
The re la t lve  effects of c&ustor-lnl&  weseure and oxygen concentra- 
tion on coldbustion efficiency were found t o  be approximately tbe s~.~me 
for either the gaseous or the  liquid fuel. However, the general Level 
of conbustion efficiency  attatned with gaeeoue propane was appreciably 
higher thes that attained with liquid isooctane. while such differences 
in per2onnance level cannot be definitely attributed t o  a particular 
process, one 09 the obvioue explanations would be the fuel-evaporatlon 
step. 

The purpose of the investigation  reported herein wa8 to study  the 
role of the  fuel  empaation step in determiArt the changes in combus- 
tion efficiency with inlet oxygen concentration observed in reference 1. 
The Investigation was limited t o  a special case of evaporation (burning 
fuel spray) in which the heat required for vaporization is sugplied from 
burning zones surrounding individual  fuel drops. In order t u  predict 
changes in burning rate of the errtire fuel spray, an exhn~ ion  t0 the 
theoretical  relattans of Probert (ref. 3) was derived for the case of a 
fuel spray burning in a duct where heat release changes local  velocity 
end, hence, residence tjme. These.relations were based on the slqpll- 
fylng assumption that the burning rate of the en.Mre spray WSB a func- 
tion of-eqerbuental3y determined burning rates of the Individual drops. 
In references 4 and 5, relations were derived which predict the effect 
&.oxygen concentration on burning rake of single drops; however, no 
experimental data were- available  to v e r i f y  the themy. Accordingly, 
burning rates were determined for singU drops of isoocteae suspended 
in various  qtilescent oxygen-nitrogen atmospheres a t  roam temperature 
and preesure. The data obtained were catpared xith vglues predlcted  by 
the theory of reference 5 and with values predicted by a mcd.ification 
of this theory which i s  presented  herein. The drop-burning-rate data 
were ale0 used in conjunction xith the  theoretical  relations fo r  the 
burning fuel spray i n  order t o  predict the change in conbustian effi-  , 
ciency with inlet  oxygen concentration. The predicted changes In 
c&ustion  efficiency were  compared with those observed in reference 1; 

. 
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Fi-t. - The filament, a p p m m t e l y  l80 microne in dlamter, 
wae drawn from.a 5-millimeter quartz rod. To redme  poseible  eff‘ecte of 
the rod on the drop burning rate, the filament XBB drawn to a length of 
approxhmtely 4 inches and bent st rigkrt angles 1 Inch from the   t ip  
(ffg. 1). Swce the surface tension of isooctane is  low (approx. 
22 ms/cm a t  rom twera ture) ,  the t i p  uaa e l i g a t u  u g e d  t o  per- 
mit the suspension of large drops. A fine pipette, drm from pyrex 
tubing, was used t o  suspend the. &ope f r o m  the filament. 

?L1 

P 
3 

Sgnition  source- - The drop was igplted by means of a emall ethylene 
dLffusion flame, which could be moved Fn a vertical plane past the under- 
side of the drop. OsciUatione of the drop c ~ u s e d  by the passage of the 
lgnltion flame hlndered accurate measurF?nv?nt of drop diamter during the 
first portion (approx. l/8 sec) of bur-. Bovlded the ignition f- 
was small, drqp dLstortim dld liot severely affect measurements during 

B 
L the initial burning period. 

Background illmlnation. - A silhouette of the drop wae obtainea by 
providing strong background ilUmln8tim which offset  the luminosity of 
the flame. This illumination consisted of a focusing a p t  bqp mounted 
behind a ground-gless plate. 

O ~ e n - n I ~ o ~ - ~ u r e  control. - Prim to each series of mans, - the nhnmher was purged with the appropriate oxygen-nitrogen mixture. 
To fac i l i t a te  purging, the chniber was fitted with a horizontal parti- 
tion which was lowered prior t o  purging and graaUally raised as the .. 
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oxygen-nitrogen mixture was introduced t o  the chaniber. The oxygen- 
nitrogen mixture was supplied through a peasure.  regulatur to the bot* 
of the chanbcc. The chaiber  pressure was maintained slightly above 
a-tamspheric peasure during purging. Since a negligible  fraction of the 
oxygen in the chmiber was consumed during the burning of a single fuel 
drop, It was possible to obtain several points for each purging of the 
chaniber. Orsat analyeis at  the end of a series of rune indicated a 
negligible change in oxygen concentration. 

Photograph analysis. - A typical s e t  or photographs of the silhou- 
e t te  of a burning drop of isooctane is presented in figure 2. The tlme 
i n t e r v a l  between eucceseive pictures I s  0.125 second. 

In order to cmvert imsge distances to known distances, a platinan 
wlre having a Wter of 640 microns was positioned i n  the plane of the 
filament md photographed a t  the end of each series of runs. 

Kodak super XX film developed in f ine-grain developer was found t o  
glve satisfactorg  results Drqp n-rnmPters were measured in  two planes, 
each $mU.ned 45 from the vertical. The average of these two masue- 
mente was taken as the diemeter of an equivalent  spherical drop. D i s -  
tortion of the drop &d increasing relative Importance of the  filament 
precluded nreasuremente of drop diameters smaller than etpproximstely 
700 m i c r a s .  

VCenter URIE of f llament 

Plane of mRltimlrm 
horizontal dimension 
of drop silhouette 

Data presented in reference 6, indicate that the burning rate of 
amall fuel drape suegendAd in quiesce .I atmospneree is proportional to 
drop diameter. For this canditlon (see appendix B), the rela.t;ion between 
drop dhneter and time is glven by 
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where Q is the drqp dismeter -mer i'burning time t, and aA, is 
thedrop d i m e t e r a t  tiree t - 0 .  The ccmstant p ishcmnaathe 
evaporation  oonstant (ref. 3). - 

In figure 3, plots of the square of the drop diameter against time 
are presented for isooctane drops burning in quiescent oxygen-nitrogen 
atmaspheres contalnhg 17 -0 and 34.9 percent oxygen by volume. The 
points during burning folluw a straight-line relation and satisfy equa- 
tion (B8). Values of the evaporation  constant p are obtahed from the 
elopes of the Unes in figure 3. Table  I presents values of the evap- 
oration  constant,  obtained in tb ie  manner, for single fsooctane drops 
burn- In various quiescent oxygen-nitrogen atnmspheree [17 -0, 20.9 
(air), 24.9, and 3.6.9 volume percent oxygen] at rmm tqperature and 
pressure. Ar i the t ic  mean values of the evaporation constant a t  each 
oxygen concentration are also presented.. The average deviation Fs 
2.4 percent; the mudmum deviation, 5 peroent . When oaygen uonoen= 
tration was increased f'rm 17.0 t o  34.9 percent by volume, the mean 
value of the evaporation  constant increased by 34 percent. 

It ia of interest t o  note that  the mean value of the evaporation 
constest i n  air ITRE w r " b e l y  22 percent higher than that repcrrted 
in reference 6 for isooctaae drops burning in still alr. No reasonable 
explanation for this difference was evident. 

- Conq?arison of Experiment81 and Predicted Val= of Evapmation Constant 

A theoretical treatment of the bLpping af small fuel drape I s  given - in reference 5. The drop was considered t o  be separated frm a burning 
zape of negligible thickness by a stagnant film; an0t;her stagnant film 
was assumed t o  exist between the burning zone and the eurrounafng 
atmosphere. Equations w e r e  derived for heat tzabfer In both film and 
for dlffusion of oxygen in the outer fLh= Relations were obtalned for 
the burning of mall fuel drops or solid particles where the film thick- 
ness between the burning zone and the surrounding atmaphere WSB con- 
sidered infinite, correspondlng to a NuBsel t .n lmihnr  of 2 for hest 
transfer. 

The relations  presented in reference 5 w'ere baaed on the assmqtion 
that no dissocFation of canbustion products occurred. Estimates sug- 
gested that correction for dissociation of canbustion  products would 
result in but a small change in calculated burning rates of 7.LQutd fuel 
drops. As indicated In reference 5, correction for d i s ~ ~ ~ l ~ t i ~ n  effects 
requtres  consideration of the relative diffusion rates of the various 

balance. For hydrccarbon fuels where there is a relatively  large nuuiber 
of dissociated products, the determination of diseociation  effects 

. di~socfated products, msterlalbalance, equilibrium relatione, and heat 

- becomes quite ccrmglex, particularly if the analyeis considers the 
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tenperatme  variations of them1 conductivity, diffusion coefficients, 
and speclfic heats. In appendix B, a slnplified approach t o  the problem 
of dissociation is made for the case of variable thernral coductivlty. 
This approach requdres the  assmgtion that the  relative proportions of 
the elements carbon, hydrogen, oxy-gen, and nitrogen, regardless of their 
state of chemical cmibinstion, remain constant throughout the region 
between the burning zone and the surrounding atmosphere. The relative 
proportione of dissociated products In this region then became a function 
only of teqperature. bdsterial- and heat-balance equatione are satief led 
for this region, bwt no correction is made for the  difference in dlffu- 
sion rates of the vcarious dissociated products such as  that presented in 
reference 5 for a burning carbon particle. The equations in appendix B 
have the same general f o m  as those given i n  reference 5 and are pre- 
sented primarily to clarify the Ebssuqptions requeed in the calculation 
of burning rates farr the  present  investigation. 

I 

I n  figure 4, the  theoretical and experimental values of evaporation 
constant are  plotted  against oxygen concentration in the surrounding 
oxygen-nitrogen atmosphere. The e r i m e n t a l  curve A was drawn using 
the  arithmetic mean values of evaporation  conetant  presented In table I. 
Curve B gives  the  theoretical evaporation  conatant obtafned by using the 
theoretical  relations presented in appendix B. The deviation of the 
theoretlcal frm the experimental curve vsries from approximately 
-4 percent a t  17 percent oxygen to approxinaately -5 percent a t  34.9 per- 
cent oxygen. While such close agreenent between the theoretical and 
exprimental curves I s  coneidered fortuitous in view of the assuuqtions 
involved i n  the analyeis and the uncertabtiee in the values of proper- 
tie8 used, the  results are encouraging. Curve C gives the predicted 
value of evaporation  constant-using the asswqptions of reference 5. The 
deviation of the theoreticalfram  the experimental curve varies from 
-39 percent a t  17 percent oxygen t o  -3.9 percent. a t  38.9 percent m e n .  

The principal  differences involved i n  the calculatione of curves B 
c are: (1) correction  for  effect of dissociation of conibustion 

products on calculated burning rates, and (2) choice of thermal cm- 
ductivity Vslues used for the region between the drop surface and the 
burn- zone. In curve C, the thermal conductivity of air was used in  
this region, whereas curve B waa calculated by using estimated values 
of the thermal conductivity of isooctane vapor. In  order to determine 
the effect of theraral ctmductivity on the predicted evapcxration constant, 
curve D was calculated using the thernaal conductivity of isooctane 
vapor, but the  corrections for dissociation of products described in 
appendix B were neglected. It is seen that the use of thermal conduc- 
t i v i ty  of isooctane vapor lnstead of a l r  resulted in an appreciable 
increase in the  calculated. evapcmatinn canstant. From comparison of 
curves B and D, it is also o3served that the  correction far diesociation 
of cwibustian  products ( a p p d i x  B) results in a significant decrease in  
calculated  evaporation  constant at  the higher oxygen concentrations. A t  
the lower oxygen concentrations the effect is amall, as m e  noted in 
reference 5. 
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A t  the higa temgeraturee reached near the burning zone, pyrolysis 
of the fuel vapor would be extensive. T h b  pyrolysis would. result I n  
higher thermal conductivities and, hence, higaer calcUted evapmatlnn 
constants- However, the effect I s  oppoeed by the hlgher heat contents 
of the cracked constituents. 

.. 

m l i c a t l o n  of Drap-Burningate Data t o  Ccmtbuator Teste 

In reference 1, the c&uBtion efficiency of a 533 single codbustor 
operating with liquid isouctane was determined over a range of inlet. 
pxygen concentratione, inlet ~ e a s u r e e ,  and fuel-f lar rates. 8- typ- 
ical data are plotted in figure 5, which preeents a plot  of cC&ustion 
efficiency against inlet oxygen concentration for two fuel-flow rates 
and two tnlet pressures. The W e t  tenpem.ture and the w e i a t - f l o w  rate 
of the oxygen-nitrogen mixture were held ccmstant at 40° F and 1.0 pound 
per second, respectively- It is observed that ca&ustlon efficiency 
Increased noticeably with increase i n  fuel-flow rate over the entire 
range of conditions investigated. It is also noted that the chsnge in 
cwibution  efficiency wtth both inlet pressure and oxygen concentrations 
is quite pronounced at the lower valuea of canibuetion efficiency. In 
the follawFng section, the data of figure 5 wil l  be treated in t e r m s  of 
an ideauzed burning fuel spray. The  single-drop burning-rate data w i l l  
be used in conjunction  with themetical relations f o r  a burning fuel I 

spray i n  order to predict the effect of inlet concentration on 
- combustion efficiency. 

In reference 3, theoretical relatiam fm a burning fuel spray were 
derived. for the follarlng conditians : ( 1) bufnfng rates of the =via- 
ual drops are proportional to the drop diemeter, (2) the evaporation 
constant is  the sme far a n  drops, (3) all drops have the same avail- 
able burning time, and (4) the fuel-spag drop-size distribution can be 
expreeeed by a Rosin4Etamler distribwbion function- Ip appendix C, the 
re la t ions  are extended t o  the w e  of a fuel epray burning in 8 duct 
where the heat releaee changes the average velocity along the duct. 
Values aP the drop-eize-dletribution  constante x d n of the Roein- 
Ranrmler distribution  function were obta- from the data of Boues and 
Joyce (ref. 7 )  . No correction was made for the effect of change in 
properties of isooctane congared with those of the mlten wax (8-t- 
ing keroeene) used in reference 7 -  The values ob-d were coneiaered 
only a s  giving an approldmate indication of the drop-size distribution 
for the conditions of figure 5. 

- 
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The predicted and e q e r h e n t a l  chamgee in conbustion efficiency 
with variation i n  inlet  oxygen concentration are con@ared in figure 7. 
The experimental curves are those of f-e 5. The predicted curves 
were obtained by us- the curves of figure 6 and the arithmetic mean 
values of the evaporation  constant a t  the varioue men caaaentraticms 
presented in table I. Since the combustor data were obtained a t  pres- 
sures other than atmospheric, it wae assumed. that the percent change in 
B with oxygen concentration was the 6ame fm aU pressures This 
a s s m t i o n  is i n  agmement with the p r a c t t o n s  of reference 5 and 
appendix B . Inlet  oxygen concentration had a negligible effect on inlet 
density and, hence, inlet  velocity. Accordingly, for  the cosdltione of 
c o n e k t  t-erature, pressure, and weight-flow rate. of the inlet oxygen- 
nitrogen mixture, the term Len/Vr, a measure o f  residence time based on 
inlet  conditions, could be coneidered constant. In order t o  cotm;pare the 
r e l a t ive  change in the predicted end experFmental values of ctmibuetion 
efficiency,  arbitrary V S ~ W S  assiepled to the term Leq/Vr to mEtke 
the experimental and the predicted curves coincide at low values of 
oxygen concentration  within  the ranges covered in the dropburning and 
c&utor  teste.  It is observed that the  predicted chmge in cwibutlon 
efficiency with o w e n  concentration is much too Blpau t o  -lain the 
changes  dbsexved in the ,333 canbustor. 

It is a lso  t o  be noted that the pronounced W e s  in catbustion 
efficiency with varying inlet  pressure a s  shuwn in figure 5 csnnot be 
eqplained i n  terms of the burning fuel spray. In a recent p ~ l i c a t i o n  
(ref 6) , the bur- rates of single fuel drops, determined over a 
range of pressures frm 1 to 20 atmospheres, are reported as being 
approximetely proportional to the fourth root o f  t h e ,  to-1 pressure. 
Accordingly, use of these data in the relations  far the burning fue l  
spray  (fig. 6) would also result  in an appreciably sm-ller predicted 
change i n  ccmibustion efficiency wlth variations in inlet pressure than 
was observed i n  the conibustor tests. 

Treatment of  conibustor data in terms of the bur- fuel spray 
such as has been presented, necesearily Involved a rimer of sinplifylng 
assunptions. A nuniber of factcxrs should be considered in traneferring 
single-drop data t o  the c&itions of the cordbution-reaction zone: 
Conibuetor conditiolls include (1) higher temperat-level, (2) farced 
convection by drops, ( 5 )  local over-rich "oxygen ratios, (4) deposi- 

use of drop-size distribution data of reference 7, (obtained. for nozzle 
spraying fnto quiescent  atmsphere) , and (6) radiation. A detailed 
discussion of a l l  these factors is beyond the scope of this paper. 
However, factors 1 to 4 az-e discussed t o  some extent i n  reference8 4 and. 
5 .  Prelm consideration  of.  these  factors  kudlcates the% w h i l e  
a- may appreciably  afPect  the  absolute burning rate of the spray, their 
effect on the calculated change in burning rate with oxygen concentra- 
t ion l e  minor compared with the  large  differences between predicted and 
q r i m e n t a l  curves sham In figure 7 .  

tion of p s r t o f  the spray on CaUitJustor walls, (5) e r r o r s  involved i n  the 

c 
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It also appears .that ccxrrection for  factors 5 and 6 would not 
appreclably  affect the predicted results. SInce the small preafcted 

due t o  the smll change in the evapnration  constant, correction for 
errors i n  drop-size-distribution data would be mil. Appreciable 
changes in ccrmbuatinn efficiency occurred at  the Lower oxygen  concen- 
trations and under nonluminoue fhne conditions in w h i c h  the princfgal 
radiation is associated xfth carbon didde and water vapor. S a e  
isooctane drops in the size range exgected far the fuel-flaw rates of 
figure 5 are re la t ive ly  4zan.aWen-b to this r a a t i o n ,  the heat absarbed 
by the fuel spray fram radiation was bu t  a small fraction (less than 
5 percent) of the later& heat of vaporization. ~ccord ingu,  caazrection 
for radiation effects would h ~ v e  resulted in but a amall change in pre- 
dicted results over the range of conditions in  w h i c h  Large changes in 

.. change In conbustion efficiency with oxygen concentration wae primasrily 

conibuetion efficiency occurred. 

In view of the conqlexity of the over-all conibuetion process, it 
is possible that the change in cmibustion efficiency with oxygen con- 
centration and pressure (fig. 5) might be qlalned in - of change 
in burning rate of the fuel spray if proper account were tsken of the 
f irst  four  of the &orementioned fat-e; however, this does not appear likely. It is suggested that SQIP~ other process involving the chemistry 
of the reaction migat better exglaln the trends obeerved In figure 5. 
It is noted that In reference 1 the CambFned effects of ialet pressure 
and oxygen concentrations on conibuatlon efTiciency were related to 
Azndamental cclllibusticm properties of isooctane ,d t o  a sbqplified 
reaction-kinetics equation. It is a lso  eqphasi& that  the reeults of 
the present  Investigation do not preclude lrtrge possible effects of the 

* fuel-evaporation step on factors not considered, for -le, iepition. 

Finally,  it is noted that the results of the present  Investigation 
apply only t o  the particular experfmental conditione of reference I, 
under m c h  a fully developed fuel spray having a relatively slnall mean 
drop size would be exgected. As indicated in references 9 and Lo, there 
&re ranges of operatios of turbojet axribustars where the fuel-atamization 
and fuel-evaporation steps do exert a signiflcaat influence on c d u s -  
tion  efficiency, either directly ar indirectly. 

The following results were obtained fKnn an investigation the 
burning rates of s i n g l e  isooctane drops in quiescent oxygen-nitrogen 
atmapheres a t  rom temperature and pressure and fram conpm5son  of 
these d a t a  with turbojet-conbustor data o b t a b d  in a wevioue 
investigation: 



. 
1. Drop burnFng ratea w e r e  proportional to drop diameter and 

increased approximately 34 percent when oxygen concentration of the 
surrounding oxygen-nitrogen atmosphere vas raised fKrm 17.0 to 34.9 per- 
C a t  by 

3. Predicted-changes in turbo jet conibmticm efficiency with inlet 
oxygen concentration,  based on burning rates of e w e  drops and theo- 
retioal  relatime for a burning fuel epray, were appreoiably emsller 
th8n the ohangee expePimsntally determined in a prevloua lnveetlgation. 

Lewis Flight Propuleion Laboratory 
Bstional Advisory Ccwrmittee for Aeror~~utfcs 

Cleveland, ahlo, April 24, 1953 
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BYMBCXM F(XR APPFXDIX B 

The following synibole are used in appendix B: 

diffusion  coefficient of o m ,  sq ft /sec 

diameter, f t  

sensible heat change of unit quantity of fuel when raieed to 
boiling  point frm teqperatme existing  prior to  burning, 
Btu/U, fuel 

enthalsy referred t o  unit quantity of fuel, B t u / l b  fuel 

enthalpy of oxygen referred t o  unit quantity of fuel, Btu/U, fue l  

thermal conductivity, B t u / (  sq ft) (sec) (?E'/=) 

Utat h a t  of v & p o r i ~ t l ~  of fuel at boiling point, Btu / lb  fuel 

mlecular weight of olrggen 

heat of conibustion of fuel at tempratme of eurroun8ing atmos- 
phere, Btu/lb fuel 

pound6 of men requfred t o  burn 1 Ib of fuel (from stoichio- 
metric  equation) 

tenperatwe, OP 
the, sec 

weight of f u e l  drqp, Ib 
volume percent oxygen 

evapcrratim  constant, sq ft/sec 

deneity, moles/cu f t  

fuel density at msaa drop temp8I'StUre, 1b/CU f t  

drop durning rate, lb/sec 
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S u b s c r i p t s  : 

A drop sur face  

AB region between drop surface and burning zme . 

B burning zone 

Bc reglm between b p f n g  erne and surrounding atmosphere 

C surrounding atmosphere 

f fuel vapor 

P products of cauibustion 

. .  
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Stagnant f i lm are coneidered to exist between a burning zone & 
negligible th ick~!~se  and both the drq eurfme e.nd the 8urround.hg 
atmosphere. Icbe concentration of oxygen is a s s m d  to be negligale at 
the burning zope. W i t h  the exception & a thin lam at the surface 
(cansidered to be at the bol l lng point of the fuel) the drqp temperature 
is assumed t o  be at  the ten@erature existing prim t o  ieplition- Condi- 
tiom In the films are sseumed t0 be symefxical with respect to the 
drop center. 

Drop surface 

Burning  zone 

Surrounding atmosphere 

The relation for equimolal c0unh.r dlffuelon orae used to determine 
I the rate of diffusion of oxygen t o  the burning zone- For the present 

caee (ea for m e t  hydrmbolr fueh) where the rat io  of products to 
reactante ie close to rmity and for the range of oxygen concentrations - inveetigated, this relation gives values wlthin a few percent of those 
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given by the method of reference 5 ar the more detailed method of ref- 
erence 11. O x y g e n  diffusion is  related to heat transfer in the regton 
between the buraFng zone and surrounding atstomphere according to the 
foUnwing equation: 

From equation (B3), the burning-zone temperature TB may be determined 
BB 8 function of QC. 

If the film thickness between the burning zone and the surroundbg 
atmosphere I s  considered infinite, d~ in equation (B2) becoslee infinite 
and equations (Bl) end (B2) may be conibined to give 

Integrating equation (B6) over the Umits 

I 

. 

sad 

. .  



where 



betweert the burning zone and the surrounding atmaphere. The proaucts 
of ccmibustlon diffusing t o  the surrounding atmosphere w e r e  coneidered to 
consist of all equilibrium products  except  nitrogen. Below 2O0O0 F, the 
diffusing products -considered t o  consist of carbon dioxide and 
water vapor a8 &-bemined fram the StOichIannetric ,equation. The thermal 
conductivity  AB was taken ae that of air and determined fram extra- 
polation of values given in reference 15. 

A plot of the burning-zone m a t u r e  % against oxygen concen- 
tratlon i n  the sumo- atmosphere as determined from equation (B3) 
is presented in figure 10. In this integration,  the r a t i o  &/No , 

2 
which WBS asetrmea t o  be Independent of teqereture, was evaluated at  
77O F. The diffusion coefficient at oxygen was taken as 2.22~10’~ equare 
feet per second at  77O F (ref. 16) 

From figures 8 t o  10 and eq-wtion (B9), the evaporation constant p 
may be determined as a function of the oxygen concentration o f t h e  
surrounding oxygen-nitrogen atmoephere. 
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Ln reference 3, Probert obtalned an expression similar fn form t o  
the folluwing equation far the evaparation of a liquid-f uel spray 

where w, the conibustion efficiency, is the percent by weight of the 
total fuel-spray evaporated after a time t, and B is t he  evaporation 
constant for We individual drops The eqpreseion applies for the 
evaporation of a spray when the evaporation rate of . t h e  FndiviaUal drops 
is proportional t o  the drop diameter and when the size distribution of 
drops i n  tN spray is given by the. Roein-Rannnler diotrlbution law in the 
form 

-($ 
R u e  

where R is the fraction by weight of the initial spray coneisting of 

fuel-fm rate, Z n are canstants ~n reference 3, equatton (~1) 
was transformed and a solution uas obtahed by p p h i c a l  integration 

t o  st@ for values of n ran@;lng f~nn 2 to 3.5. 

drops having diaueters larger than x. Far a given fuel, nozzle, asd 

- f o r  - m i o w  values of n. The curves so obtained (f lg. ll) relate 

For the case of a fuel spray burning in a duct, the average veloc- 
i t y  of the gases at any station is a function of the co&ustion effi- 
ciency at that ata t ion .  Cmsider a duct af constant crosa-eectional 
area A and length L. Assume ‘that the velwity & the burning drops 
along the duct at the etation oaneidered l a  given hy the aver- velo- 
city V of the gases at that statton. For law f’uel-air ratios, V can 
be apprcxlnmted by neglecting the dfecta of the products of co,utbuetion 
on the weight flow rate,  the average  molecular weighti, and the average 
specific heat of the gases. 

IB-orn the  continuity equation and the perfect gas law, 



where W is the we#t flow ra te  of air supplled t o  the  duct, R is 
the gae constant, and P, p and T are the pressure, average demity 
and average temperature of the air, respectively, at  the station cop- 
sidered. For negligible pressure drop along the ccmibustor, 

P = Pi 

where Pi is the Inlet pressure. If a constant specific heat cp is 
assumed, 

where Vr is the h l e t r g i r  velocity. 

A t  the station conaidered 

where dB l e  the  distance the fuel spray move6 along the duct in the 
t ine  at. Since p 2 are conatant the duct,  equation (CY) 
may be written . .  . 

n 

da I v;;" B <E.) 
. . _  

The boundary condition6 m e  
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(a) at s = 0, = 0, 

Integrating  equation (W) over the duct for these boundmy condi- 
tione  produces 

2- 
x Vr sb” T i J  0 

f’ 
8 .  

conditions of the  present  investigstion. Since n has a small effect 
on the  theoretical  conibustion  efficiency and since the values of n focr 
the fuel spray varied over a narrow range &out 2.5, the curves of f ig -  
ure 6 were  obtained far n = 2.5. The v8Uee  of fE/lOOcp Ti vere 
calculated for Ti = 5OO0 R, cp = 0.25 Btu per pound per %, snd 
H = 19,065 Btu per pound. The values. of f were  based on an inlet 
oxygen-nitrogen  mixt;ure flow of 1.0 pound per second and nomLmtl fuel- . flow rates of 0.0151 and 0.OlO pound per  second. 
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PER mcm 
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men concentration in oxygen-nitrogen 
atmephere, percent by volume 
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OIygen, p m e n t  by volume 
30 

Hgnre 4. - Compsrieon of predioted and experimental evapora- 
t ion oonatante . 
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Wgure 6 .  - Theoretloal conhmtlon effloienoy of burming 
f'ud spray. n P 2.5. 
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